Carbon deposition from CO and other carbon-containing fuels is a major cause of the performance degradation of catalysts and electrocatalysts in many energy conversion devices, including lowtemperature solid oxide cells (LT-SOCs). In this work, we present direct observation of carbon deposition on thin-film CeO 2 electrodes at LT-SOC operating temperatures (450 C) in a CO/CO 2 atmosphere by in operando X-ray photoelectron spectroscopy. propose the neighboring Ce 3+ -Ce 3+ pairs to be a critical catalytic structure that facilitates carbon deposition from CO. Finally, we propose mitigation of carbon deposition on CeO 2 by doping CeO 2 with non-redox-active cations, and proved this concept using 50% Gd-and 50% Zr-doped CeO 2 as an example system. These findings provide an in-depth understanding of the mechanism of carbon deposition on CeO 2 during electrochemical reactions and can guide the design of carbon-resistant CeO 2 -based electrocatalysts.
Introduction
To produce carbon-neutral fuels, 1,2 environmentally friendly technologies, including electrolysis 3 and thermochemical splitting 4 of water and carbon dioxide, have attracted signicant attention. In particular, low-temperature solid oxide cells (LT-SOC) that operate from 400 C to 650 C are believed to be the next generation technology. 5, 6 However, carbon poisoning, or "coking", due to carbon deposition on the catalyst surface during operation, is an important issue for processes involving carbon-containing species. 7, 8 This coking process can lead to irreversible catalyst deactivation and cause mechanical degradation. 9 One major type of carbon poisoning is from CO, [10] [11] [12] [13] [14] which has been reported as either CO dissociation 15, 16 (CO / C + O) or the Boudouard disproportionation [17] [18] [19] (2CO / CO 2 + C). At operating temperatures below 700 C, carbon deposition is thermodynamically more favorable and occurs mainly via the Boudouard reaction. 5, 20 Consequently, it is important to develop carbon-tolerant electrocatalysts that can operate under LT-SOC operating conditions, with both high catalytic activity and longterm stability.
Ceria (CeO 2 ) and ceria-based materials have been widely investigated as catalysts and catalyst supports towards a broad range of reactions. [21] [22] [23] The catalytic performance of CeO 2 is due to its excellent redox activity, 24 which can be expressed with the Kröger-Vink notation 25 as
where Ce Ce 0 and V $$ o denote Ce 3+ (small polaron 26 ) and doubly positive charged oxygen vacancy, respectively. With this oxygen storage capability, CeO 2 -based catalysts are also known to be carbon-tolerant as they can oxidize the deposited carbon with lattice oxygen.
27
LT-SOC fuel electrodes combining ceria-based materials with Ni have yielded high performance but their stability in carbon-containing fuels remains a big challenge. 5, 28 While carbon deposition has been extensively studied on the Ni surfaces, few studies focus on carbon deposition on CeO 2 . Despite the high carbon tolerance of CeO 2 as a catalyst, carbon deposition may not be negligible on CeO 2 in LT-SOCs since the oxygen ion current can greatly affect the carbon tolerance of electrode materials. 29 In particular, in electrolysis conditions, O 2À are constantly removed from the fuel electrode, making carbon deposition more favorable. 30 As an example, recent studies have demonstrated that inltrating Ni-YSZ with Gddoped CeO 2 did not improve the carbon tolerance during CO 2 electrolysis. 31, 32 Therefore, to obtain a more complete picture of carbon deposition over Ni/CeO 2 electrodes, it is important to investigate the onset of carbon formation and carbon deposition mechanism on CeO 2 during electrochemical reactions. Moreover, besides Ni/CeO 2 electrodes, there has been considerable development of CeO 2 /perovskite fuel electrodes in LTSOCs, as a means to improve the electrodes ability to work with carbon-containing fuels without carbon deposition.
5,33
Hence a fundamental study of carbon deposition on CeO 2 surface would also benet the design of these conducting-oxide electrodes.
In this work, we systematically studied carbon deposition in CO/CO 2 
Results
The experimental setup is shown in Fig. 1a and b, which depicts the electrochemical cell consisting of a ceria thin lm electrode, an 8% yttria-stabilized zirconia (YSZ) (001) single crystal electrolyte, a Pt grid buried under the ceria electrodes, and a porous Pt counter electrode. The out-of-plane symmetric X-ray diffraction scan for the ceria lms on the electrochemical cell is shown in Fig. 1c . The ceria lms demonstrated both (001) and (111) orientations: the lms grown epitaxially on YSZ are in the (001) direction while the polycrystalline regions grown on Pt grids follow a mixed (001) and (111) texture. Verication of this assignment is shown in ESI Fig. S2 . † As explained in ESI Note 1, † all the ceria lms have cubic uorite structure (space group Fm 3m). To reveal the surface structure, low-energy electron diffraction (LEED) patterns were collected on ceria lms epitaxially grown on YSZ (001) without Pt grids at 450 C, i.e., the same temperature where carbon deposition was studied. As shown in Fig. 1d , the surface of all the ceria thin lms on YSZ (001) had a four-fold symmetry, in agreement with the (001) uorite-type ceria surface structure. 24, 34 On the other hand, the polycrystalline regions on the Pt grids have yielded no LEED pattern, consistent with previous reports. reduction) and anodic (CO oxidation) biases were applied on the electrochemical cell. Since the width of Pt stripes ($20 mm) is much smaller than the X-ray spot size ($1 mm in diameter), the APXPS results reveal an average surface chemistry of the epitaxial and polycrystalline ceria regions. Fig. 2a shows the normalized C 1s, Ce 4d and valence band (VB) photoelectron spectra on Gd 0.2 Ce 0.8 O 1.9 as a representative case. All the spectra were calibrated by aligning the Ce 4d 3/2 peaks at 122 eV 35, 36 and then normalized to the Ce 4d intensity. Three main features were observed in the C 1s spectra. First, the pronounced rising peak at around 285 eV corresponds to the deposited graphitic carbon, in agreement with previous studies on carbon deposition on ceria.
37,38 Secondly, the peak at around 290 eV is an adsorbate peak, which has been commonly attributed to a carbonate species on the ceria surface. 36, 38, 39 Since a detailed investigation of the CO/CO 2 adsorption structure on ceria is beyond the scope of this paper, we leave this peak assigned as an adsorbate. Studies on this topic can be found in the ref. 40 and 41. Finally, the two peaks at around 292 eV and 293.5 eV originate from CO and CO 2 gas phase. 42, 43 The assignment of the two gas peaks has been veried by collecting the C 1s spectra while the sample was extracted (ESI Fig. S6 †) .
The components with the two highest binding energies (shaded region in the plot) in the Ce 4d spectrum arise purely from Ce 4+ species. 36, 44 Note the Ce 4+ features decreased under increasing cathodic polarization, indicating the reduction of ceria surface. In the valence band spectra, the feature at about 1.5 eV corresponds to the Ce 4f peak, whose normalized intensity reects the concentration of Ce 3+ at the surface.
36,45
Consistent with Ce 4d spectra, the valence band Ce 4f peak intensity increased with increased reduction state at the surface under cathodic polarization. As shown in Fig. 2a 46 -48 On the other hand, 50% Gd-doped CeO 2 was less reducible. This could originate from defect-defect interactions in ceria -a high concentration of extrinsic oxygen vacancies and large Gd 3+ ions increase the formation energy of additional oxygen vacancy (and Ce 3+ ).
49,50
The amount of the deposited carbon under different biases is shown in ESI Fig. S7b . † Due to voltage loss at the electrolyte and the counter electrode, the applied electrical bias was not entirely converted into an electrochemical potential at the ceria electrodes. Therefore, it is not possible to compare the carbon deposition behavior across samples as a function of bias. Instead, we use the surface reduction state, [ ]. The increase of measured cation fraction originates from the fact the XPS signal from Ce gets attenuated more by the deposited carbon, while the dopant are less affected. The observed apparent increase of dopant/Ce ratio thus indicates that more carbon was deposited onto Ce sites than on the dopants (ESI Fig. S12 †) .
To 36, 38 its suppression indicates loss of catalytic activity for CO 2 electrolysis because of the surface being covered by deposited carbon. In addition, the gas peak shied to a lower binding energy, possibly due to a change in the gas adsorption behavior on the carbon-covered surface.
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The change of Ce 4d spectra during carbon deposition is twofold (Fig. 3e) : rst, the total intensity of the normalized Ce peak decreased as a result of carbon deposition. Second, and more interestingly, the surface became more enriched with Ce 3+ during carbon deposition. The increase of surface [Ce 3+ ] can be clearly visualized from the decreasing intensity of Ce 4+ peaks in the Ce 4d spectra by comparing the three spectra in Fig. 3e . ]-carbon relation must be most likely due to a threshold in the formation of the catalytic structure (Ce 3+ -Ce 3+ pair) at the surface ("catalytic threshold").
We rst examine the "stability threshold". Ceria is known for its ability to catalyze the combustion of carbon;
54 it may remove (oxidize) the deposited carbon on the surface. As an example, Zr-doped ceria can oxidize the surface carbon with lattice oxygen even at 200 C. 47 Therefore, it is possible that the deposited carbon can only be stabilized on an oxygen-decient surface, where no O 2À species being available to oxidize the deposited carbon. In this scenario, the observed threshold of [Ce
3+
] should reect a threshold of V $$ o , where a sufficiently oxygen depleted CeO 2 surface is unable to inhibit carbon deposition. However, this is in contrast to our observation that carbon deposition was suppressed on Gd 0.5 Ce 0.5 O 1.75 , the most oxygen-decient ceria surface at a given [Ce 3+ ]. Therefore, we view this scenario to be unlikely. In addition, the "stability threshold" can originate from a threshold carbon cluster size. Carbon dimers (C 2 ) have been observed to have higher stability than monomers (C 1 ) and are the key intermediates in the growth of graphene on Au surfaces. 55 Similarly here, carbon cluster formation may also be a key step in the carbon deposition reaction on ceria. Carbon deposition has been found more favorable near defect sites.
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Therefore, carbon atoms deposited on the surface with a higher defect concentration are more likely to be located closer to each other, promoting the "clustering" process. In this scenario, the observed threshold [Ce 3+ ]-carbon relation should be associated with a threshold surface defect density to ensure that the deposited carbon forms clusters. Clustering of single carbon atoms to form pairs of carbon atoms induces a peak shi in the C 1s spectra as reported by Xu et al. 56 We did not nd such a peak shi, and therefore we deem this scenario to be unlikely.
We then examine the "thermodynamic threshold". The reaction environment is already thermodynamically favorable for the Boudouard reaction even without polarization. 57 In this ]), the carbon deposition started and increased sharply. Spectra are normalized to the corresponding CO gas peak.
case, a thermodynamic threshold can only arise from the CO dissociation reaction. were tested, ranging from 0 to 0.2 eV, with positive values representing repulsion. The energies were chosen from a previous calculation, indicating the interaction energy between the nearest-neighbor Ce 3+ -Ce 3+ pair in the bulk of ceria is 0.1 eV.
60
As a result, Fig. 4a shows the concentration of Ce 3+ -Ce 4+ and Ce
3+
-Ce 3+ pairs on the equilibrated undoped lattice at different The effect of doping on Ce pair formation is shown in Fig. 4b , with the interaction energy between neighboring Ce 3+ sites xed at 0.1 eV. 60 As described in more detail in the Methods section, the dopant sites are randomly distributed and are treated as immobile during the simulation. Lattices with three different doping ratios were calculated: 0%, 20%, and 50%, which is in accord with the surface composition measured with APXPS (Fig. 2c) ] and dopant concentration. In the real simulation process, a 50 by 50 2D cubic lattice was employed and the simulation results in Fig. 4a and b reect the average values obtained from energy minimization of different lattice congurations.
As -Ce 3+ pair is the corresponding catalytic structure for carbon deposition from CO. Even though we modeled the pairing effect on the (001) surface, we believe that the same argument can be also applicable to other major surface terminations. This is because, regardless of the surface termination, two CO molecules must be dissociated nearby to each other, to enable the C-C bond formation during the growth of graphitic carbon. In other words, it is the formation of adjacent catalytic sites for carbon deposition, i.e., the formation of a nearest neighbor "Ce 3+ -Ce 3+ pair density (line) and the measured carbon intensity (points) are in good overall agreement. Note the model captures the threshold onset and the doping effect, supporting the theory that the neighboring Ce 3+ -Ce 3+ pair is the catalytic structure for carbon deposition from CO. All the simulation curves were replotted from Fig. 4b and divided by a common normalization factor to ease comparison. The solid lines represent the Ce 3+ -Ce 3+ pair density calculated with 0.1 eV interaction energy, whereas the shaded regions indicate the variations when changing the interaction energy from 0 eV to 0.2 eV.
carbon resistance on 50% Zr-doped and 50% Gd-doped ceria originates from a suppressed Ce 3+ -Ce 3+ pair formation. In this work, the proposed catalytic structure does not dene a specic reaction pathway, and further studies are needed to reveal the atomistic reaction steps enabled by this catalytic structure.
Conclusions
In this work, we systematically studied the carbon deposition reaction during CO 2 ] can be the key to alleviate carbon deposition from CO. This includes ways to isolate Ce 3+ cations from each other, for example by doping ceria with nonredox-active cations (such as 50% Zr-and 50% Gd-doped CeO 2 in this work). When used as fuel cell electrodes, it has been suggested that higher Gd concentrations in Gd-doped ceira can improve electrode's electrical conductivity as well as dimensional stability. 61 Previous studies have also shown that heavily Zr-doped ceria benets oxygen surface exchange 62 as well as bulk diffusivity. 63 Therefore, both enhanced carbon resistance and electrocatalytic performance could be realized simultaneously on heavily doped ceria surfaces. In addition, as the number of Ce 3+ sites per unit surface area of doped ceria is lower than the undoped case, one may also consider increasing the total surface area of the doped ceria by employing nanoparticles.
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Methods
Film fabrication
The electrochemical cells were fabricated on 10 mm Â 10 mm Â 0.5 mm 8% yttria-stabilized zirconia (YSZ) (001) single crystal substrates (MTI Corporation), which served as the solid electrolyte. Pt paste (SPI Supplies) was applied on the back of the YSZ substrate and then sintered in air at 800 C for 1 hour as the counter electrode (CE). Buried, micro-patterned Pt grids were fabricated through photolithography on the front side of the substrate as the current collector (ESI Fig. S1 †) . The thin lm working electrode (WE) was deposited on top of YSZ and Pt grids using pulsed laser deposition (PLD), where a KrF excimer laser with 248 nm wavelength was used. During deposition, the substrate temperature was kept at 750 C in an oxygen pressure of 10 mTorr.
In operando APXPS
The APXPS measurements were carried out at Beamline 9.3.2 of the Advanced Light Source, Lawrence Berkeley National Laboratory (ALS); the NAP-XPS end station of the Pierre and Marie Curie University set on TEMPO beamline at Synchrotron SOL-EIL; and the IOS beamline 23-ID-2 of the National Synchrotron Light Source II (NSLS-II) at Brookhaven National Lab. The electrochemical cells described above were placed on a ceramic heater, with thermocouples mounted directly onto the surface for temperature measurements. The thermocouple along with a Pt wire was also used to apply electrochemical bias on the sample, where the Pt wire was welded to a Pt foil beneath the CE. During the experiment, cathodic (CO 2 reduction) and anodic (CO oxidation) biases were applied on the electrochemical cell to drive surface redox reaction as well as to change the oxidation state of surface Ce cations. were tested in all of the three beamlines. All the XPS spectra were quantied with CasaXPS soware. Carbon deposition intensity was calculated by integrating the graphitic carbon area in the C 1s spectra and then normalized to the CO gas peak intensity (ESI Note 4 †). [Ce 3+ ] was calculated as the peak area ratio of Ce 3+ features to the total area of Ce 4d (ESI Note 5 †).
Monte Carlo simulation
A 50 Â 50 2D square lattice with periodic boundary conditions was employed to simulate the ceria (001) surface. Since the aim of this simulation is to quantify Ce pair formation, the simulated lattice consists purely of Ce and dopant sites, and no oxygen sites were considered. In the simulated square 2D lattice, each atom has four nearest neighboring sites and represents either a Ce (Ce 3+ or Ce 4+ ) or a dopant. Only the interaction between two nearest Ce 3+ sites was considered, while all other interactions were ignored. Therefore, the system Hamiltonian can be expressed as H ¼ N Ce 3 -Ce 3 $E Ce 3 -Ce 3 , where N Ce 3 -Ce 3 and E Ce 3 -Ce 3 denote the Ce 3+ -Ce 3+ pair number and the interaction energy between them, respectively. In this model, Ce 3+ and Ce 4+ sites were set free to switch while dopant sites were considered immobile. This assumption is in agreement with the signicant lower mobility of cations compared to that of polarons in ceria. 66 The Metropolis Monte Carlo simulation was conducted as follows:
(1) Randomly pick two Ce sites on the lattice and calculate the energy difference DH of switching Ce 3+ and Ce 4+ .
(2) If the switch results in a reduced system energy (DH < 0), accept it with a probability of 1. Otherwise, accept the switch with a probability of exp (DH/k B T), where k B and T denote the Boltzmann constant and temperature respectively.
In accord with the experimental environment, the simulation temperature was set to be 450 C. 100 random congura-tions were generated as initial guesses at each [Ce 3+ ] and doping ratio. Then each of the 100 initial lattices was evolved by switching sites according to the Metropolis scheme. Each Monte Carlo step (MCS) consisted of 2500 switching trials, and the ensemble average was estimated by averaging over the last 200 MCS aer equilibrium. Finally, the concentration of Ce pairs (both Ce 3+ -Ce 3+ and Ce 3+ -Ce 4+ ) were calculated as the mean value of the 100 thermodynamically equilibrated lattices (ESI Note 11 †).
